Menopause has been hypothesized to occur when the non-growing follicle (NGF) number falls below a critical threshold. Age at natural menopause (ANM) can be predicted using NGF numbers and this threshold. These predictions support the use of ovarian reserve tests, reflective of the ovarian follicle pool, in menopause forecasting.
F rom conception to menopause, a dynamic decline in the primordial follicle pool occurs within the human ovary. It is postulated that the final menstrual period coincides with a decline of the follicle pool below a critical threshold (1) (2) (3) (4) . At this threshold the ovary becomes insufficient for maintaining the production of mature oocytes within the framework of a menstrual cycle and menopause, defined as the cessation of menstrual cycles, occurs. Various models have been designed to determine the rate of decline of the follicle pool with advancing age, as well as to quantify the critical threshold for cycle cessation, however no consensus has been reached thus far (1) (2) (3) (4) .
In recent years research focused on providing methods for individualized predictions of the age at natural menopause (ANM) (5) (6) (7) . It has been postulated that these predictions could be extended to predict the end of natural fertility (8 -10) and be used to identify women at greater risk of cardiovascular and neurological disease (11, 12) , osteoporosis (13) , or breast and intestinal cancer (14) due to either early or late menopause.
Individual predictions of ANM have been based on markers indirectly reflecting the size of the primordial follicle pool such as anti-Müllerian hormone (AMH) (6, 7, (15) (16) (17) . However, model imprecision limits their clinical utility at the current time. The biological basis for these prediction models is the assumption that the size of the primordial follicle pool present at birth or later on in life is the determining factor in age at menopause, and that ovarian reserve tests may accurately capture this pool size at any age (18) . The association between the primordial follicle pool number and age at natural menopause has not been examined in detail, and follow up studies will remain elusive.
The aim of this current paper is therefore to investigate the hypothesis that the size of the primordial follicle pool is the main determinant for the length of the individual ovarian lifespan. This is done by modeling the decline in numbers of follicles with increasing age. A model for age at menopause is then based on the number of primordial follicles declining below a critical threshold for cycle cessation. The distribution of predicted age at menopause from this modeling is compared with observed data on age at menopause. Demonstrating a clear link between the 'true' ovarian reserve and age at natural menopause could then provide some rationale for the use of ovarian reserve tests in clinical practice.
Materials and Methods

Subjects
Two databases were used to investigate the above formulated aim. For the purpose of creating predictions of age at menopause based on primordial follicle numbers, the nongrowing follicle (NGF) database, as considered by Wallace et al (19) , was used to estimate a model for the age dependent decline in the number of primordial follicles. In this database the histologically derived number of NGFs in human ovaries of eight different cohorts (1, 4, 20 -25) were combined to form one large database. From this database, a selection of cases was made for use in the present analysis.
First, a selection was made based upon age at specimen collection, with only data from ovaries obtained postnatally being used. Furthermore, in cases where a single person provided two ovaries, the mean number of NGFs from the both ovaries was used in order to prevent overrepresentation of these cases. This was in accord with results of Hansen et al (4) , were no significant difference was apparent in the number of NGFs between left and right ovaries collected from a single person. Considering the fact that it is not practically possible to determine the amount of time an ovary has been void of follicles, providing an age at the time the ovary reached a NGF count of zero is not possible. Furthermore, it is not possible to determine that an ovary is actually devoid of follicles. For these reasons, it was decided to exclude zero counts rather than make arbitrary adjustments to these and other low counts as was done with the data used by Wallace et al (19) . After applying these criteria, 218 cases provided NGF counts from the equivalent of a single ovary, with the original low counts being used without any adjustment.
The second database, providing the observed distribution of ages at natural menopause, is the Prospect-European Prospective Investigation into Cancer and Nutrition (Prospect-EPIC) database. A total of 17 357 women, aged 50 to 70 years, were recruited between 1993-1997 from a nationwide breast cancer screening program in the Netherlands (26, 27) . Via extensive questionnaires menopausal status as well as reproductive health was assessed. Menopause was defined according to the World Health Organization definition: the absence of spontaneous menstrual bleeding for more than 12 months. For the current study, a cross-sectional sample of women aged over 58 years at study recruitment with a recorded natural menopause was selected in order to prevent overrepresentation of women who reach menopause at an early age. Including only women of age over 58 years will ascertain that the full normal range of menopausal ages has been recorded. Furthermore, exclusion criteria were the use of medication interfering with menstrual cycles, ovarian abnormalities or surgery, and surgery on the uterus prohibiting menstrual cycles. Applying the above mentioned selection criteria reduced the total of available participants to 4037.
Analyses
The age dependent decline in NGF number was modeled using a robust regression methodology (28) , as previously applied (29) . A natural logarithmic transformation of the NGF counts was used to stabilize the residual variation in NGF numbers. The regression model for NGF counts contains linear and quadratic (in age) components, giving it considerable generality in allowing for accelerating rates of exponential loss of follicles with increasing age (negative quadratic term) and other possibilities such as different rates of follicle loss between subjects (positive quadratic term), as well as being similar to other modeling (2, 28) . Furthermore, the more general (than normal) skew-t distribution permits a more critical assessment of the residual variation of NGF counts about the estimated mean.
Under the hypothesis that menopause occurs when the number of NGFs falls below a critical threshold, this regression based model for NGF decline enabled the construction of a probability distribution for age at menopause for a given threshold to be derived from the following relationship:
Probability that NGF count at age y is below threshold ϭ probability that menopause has occurred before age y.
For this derivation of a distribution of ages at menopause, the residual standard deviation in the regression model (for NGFs) was adjusted to allow for the possibility of excess variation in NGF counts compared with variation in menopausal ages, as was necessary in the previous modeling of AMH and menopause (29) .
This gives linked models for both age at menopause and declining NGF count with increasing age. Maximum likelihood estimation was then used with the Prospect-EPIC menopausal age data and the NGF count data to estimate all model parameters, including the critical threshold NGF number.
Finally, individual prediction of age at menopause could be made from a nomogram of age specific NGF percentile bands constructed from the estimated NGF regression model (ie, a very low age specific NGF count would place a woman below the fifth percentile, whereas a high age specific NGF count would place her in a higher percentile band). Prediction of age at menopause then follows from the corresponding percentiles of the estimated distribution of menopausal ages.
All calculations were done using MATLAB ® numerical software.
Results
As described, the selection criteria reduced the size of the NGF database from 325 cases to 218, and the size of the Prospect-EPIC cohort from 17 357 to 4037 women. Details of all the studies in the original NGF database, and the number of remaining specimens in the adjusted NGF data after applying our selection criteria are depicted in Table  1 .
The follicle counts in the NGF data ranged between 9 and 402 018 per ovary. The age range of subjects at the time of obtaining the ovary specimens was 0 to 51 years, with more details given in Supplemental Table 1 . The mean age at menopause in the Prospect-EPIC data was 50.2 years (AD 4.2 years), mean age at inclusion was 63.05 years (SD 3.4 years).
Textbox 1 shows all parameter estimates from the model fitting. Figure 1 demonstrates the fit of the quadratic regression model of log(NGF count) on age to the NGF count data, showing the reducing mean and increasing residual standard deviation with increasing age. The mean function of age from the earlier NGF analysis (19) is shown for comparison. The two mean functions are similar for ages up to 45 years (with the Wallace et al (19) mean within 95% confidence limits of the quadratic regression), but diverge somewhat after that age due to the different treatment of low counts in the data (R 2 values 0.72 from the current analysis and 0.70 from the 2010 analysis).There was significant left-skewness in the distribution of the residual variation from the regression of log(NGF count) on age (p-value Ͻ 0.001), suggesting that these residuals were not normally distributed (ie, more observations above the estimated mean than below it).
The negative quadratic component of the regression was significant (p-value Ͻ 0.001), corresponding to accelerated decline in later years. There was also a significant (p-value Ͻ 0.001) increase in the residual standard deviation of log(NGF count) with increasing age. This shows that the logarithmic transformation had overcompensated for the heterogeneous variation in the untransformed NGF data (demonstrated in Figure 1 by the gradual broadening of the 90% probability range with increasing age). The estimate of the value of the critical threshold of number of nongrowing follicles from a single ovary for the occurrence of menopause was 498 NGFs. Figure 2 shows the fit of the derived distribution of menopausal ages, predicted by the number of nongrowing follicles falling below this critical threshold, compared with the observed menopausal ages in the Prospect-EPIC data. Good agreement was observed between observed and predicted ages at menopause. There was significantly less variation (p-value Ͻ 0.001) needed to explain the variation in menopausal ages than that apparent from the Figure 3 shows a nomogram in which the fifth, 10th, 25th, 50th, 75th, 90th and 95th age-specific percentiles of NGF counts are depicted. The estimated critical threshold in NGFs at which menopause occurs is also indicated in this figure (498 follicles, see Textbox 1). Furthermore, the corresponding percentiles of the distribution of age at menopause derived from the NGF count are shown adjacent to the NGF percentiles.
Discussion
In this study we have demonstrated that the predicted age at menopause based on the decline of the primordial follicle pool shows close conformity with the observed age at menopause. This close conformity supports the hypothesis that the size of the primordial follicle pool is an important determinant for the length of the individual ovarian lifespan. These results strengthen the current interest in the prediction of age at menopause using markers reflecting the ovarian pool of primordial follicles such as AMH or AFC.
This study is the first to assess the relation between predicted age at menopause based on the nongrowing follicle pool and the observed age at menopause. Wallace et al (19) did model NGF decline in relation to age using the original NGF dataset. A NGF threshold of 1000 follicles was used for the occurrence of menopause assuming a mean age at menopause of 51 years. The threshold of 498 NGFs present in a single ovary estimated in the current analysis is significantly lower (p-value Ͻ 0.001) than the threshold of 1000 follicles used in this previous publication. The difference here most likely stems from our sharpened inclusion criteria for the ovarian specimens in cases providing low NGF counts or NGF counts of zero, which were set at an artificial minimum higher than the estimated NGF count in the data used by Wallace et al (19) . In the current analysis, NGF counts of 0 were excluded but low NGF counts were kept at their original numbers. This resulted in the inclusion of a subset of lower NGF counts, thereby pulling down the mean NGF count. This in turn resulted in a lower estimate of the NGF threshold at which menopause is expected to occur. The effect of the inclusion of lower NGF counts is demonstrated in Figure 1 were the mean function of age is depicted for both the current model and the 2010 model (19) . As depicted, the two mean functions are similar up to 45 years of age. However after this age the lines diverge due to the lower NGF count pulling down the mean in the current analysis. We feel that by including NGF counts at their original number, the threshold as currently calculated more accurately represents the "true threshold". In order to get good agreement between the observed and predicted ages at menopause (as depicted in Figure 2 ), the residual standard deviation from the regression model of log(NGF count) had to be reduced by a factor of 0.70 when constructing the NGF predictive distribution of age at menopause. This excess variation in NGF could be due to differences in NGF counting methods. Block et al (20) counted nongrowing follicles in one slice of ovarian tissue per 200 slices with a slice thickness of 20 -40 m. Richardson et al (1) counted one slice per 100 with a slice thickness of 10 m whereas Gougeon et al (23) counted an unknown number of slices with a thickness of 10 m. Forabosco et al (25) consecutively sliced each ovary in one 1-m thick and 10 100-m thick slices and counted every 1 m thick slice, lastly, Hansen et al (4) sliced the total ovary into slabs of 1 mm, selected 8 of these slabs to slice them further into slices of 25 m thickness and eventually counted follicles in one in every 10 of these slices. Another potential source of variation in NGF number is the difference in counting accuracy that could have originated from technical developments. In the first papers included in the NGF data (1, 20, 23) manual counting methods were used, whereas in the papers by Forabosco et al (25) and Hansen et al (4) an automatic counting method was applied. However, since the first paper in the NGF database was published in 1951 and the most recent in 2008, the occurrence of some variation in counting methods is almost inevitable.
The effect of excess residual variation in NGF counts on prediction of menopausal ages can be incorporated in the modeling by having a variable critical threshold at which menopause occurs that is positively correlated with NGF counts. This would result in a higher critical threshold for women with high NGF counts and a lower threshold for women with low NGF counts. This is indicated in Figure  3 by an interquartile range for this variation which additional calculations suggest could be as much as 175 -1357 nongrowing follicles.
A possible limitation of this study is the fact that data from two different datasets were combined in order to estimate the level of agreement between the observed and predicted ages at menopause. The Prospect-EPIC study is a population-based sample of healthy women, and is likely to represent the distribution of age at menopause of a Caucasian population. Unfortunately, no baseline characteristics are available for the NGF dataset, hence limiting the possibility of checking the comparability of the two datasets. Virtually all the ovarian specimens, although macroscopically described as normal, were derived post mortem or during gynecological surgery. As for the cases in the post mortem group, causes for demise may be considered as not affecting ovarian reserve. However, the group from which ovaries were obtained due to gynecological conditions, may introduce some bias.
To investigate if reasons for ovarian removal affected the model estimates, a sensitivity analysis was performed with the specimens categorized as being obtained from postmortem cases (n ϭ 88) when death had occurred "suddenly" (for instance in a motor vehicle accident), from women providing specimens after gynecological surgery (n ϭ 129) or for "other" reasons (n ϭ 1). This sensitivity analysis was done by deleting subsets of data categorized according to reason for ovarian removal from the full dataset and then redoing of the parameter estimation (note that afterwards, the deleted data were replaced before deletion of the next subset of data). The variation between the different estimates so obtained was assessed and found to be a little more than might be expected from random deletions (Supplemental figure 1) . There is some confounding here in that the second (postsurgery) category contained a preponderance of older ages, while a preponderance of younger ages was apparent in the first (post mortem) category, which would contribute to some of these differences. A good level of qualitative similarity was apparent among the different estimates. Menopausal threshold estimates were comparable, as was the significant left-skewness in the distribution of (log) NGF residuals. Also, the increasing standard deviation of these residuals with increasing age was consistently apparent, as was the observation that there was more variation in NGF counts than necessary to describe variation in menopausal ages. This sensitivity analysis suggests that the NGF data are sufficiently homogenous without any obvious biases to justify the linking of these data with the Prospect-EPIC data.
Another possible limitation of this study is the fact that data on age at menopause were based on self-reporting, making this prone to recall bias, as for many included cases doi: 10.1210/jc.2015-1298 jcem.endojournals.orgthe life year in which menopause occurred had been a long time ago. However, a sufficient validity and reproducibility of estimating age at menopause based on these questionnaires has been reported in several studies (30, 31) . In one study comparing age at menopause derived from repeated questionnaires with a 7-9 year interval, the agreement between initial and delayed recordings was shown to be high (31) .
The strength of the current study is the fact that the model provides some unique evidence regarding the prediction of age at menopause from what is generally considered to be the true ovarian reserve.
Due to the inherent necessity to remove an ovary to quantify the primordial follicle pool, it is not feasible to assess, in vivo, the relationship between the true ovarian reserve and natural age at menopause. Hence, models have been designed to predict age at natural menopause using derivatives of this true ovarian reserve such as AMH or the AFC, or proxy variables such as oocyte yield after ovarian stimulation for IVF. (5, 6, 15-17, 29, 32-37) Yet no research has been designed to investigate the assumption made in these models that the size of the ovarian follicle pool is indeed the determining factor in the occurrence of menopause.
We do not see clinical utility for the NGF threshold/ nomogram in the prediction of menopause. With the results of the present study, demonstrating the link between the size of the follicle pool and age at menopause, we have provided some further rationale for the use of derivatives of the true ovarian reserve in menopause prediction. Predictions that can potentially be used in the identification of women at risk of early menopause.
Conclusion
This study has shown that the age dependent decline in the number of nongrowing follicles can be used to construct a distribution of age at natural menopause, which is close to the observed distribution. This supports the hypothesis that the size of the ovarian follicle pool is an indicator for age at menopause. It thereby provides support for the concept of prediction of age at menopause using markers reflective of the true ovarian reserve, such as AMH or the AFC.
